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Abstract In this paper we report on a sequence of large-amplitude Alfvénic ﬂuctuations terminating
in a ﬁeld and ﬂow discontinuity and their eﬀects on electromagnetic ﬁelds and plasmas in the
near-magnetopause magnetosheath. An arc-polarized structure in the magnetic ﬁeld was observed by
the Time History of Events and Macroscale Interactions during Substorms-C in the solar wind, indicative of
nonlinear Alfvén waves. It ends with a combined tangential discontinuity/vortex sheet, which is strongly
inclined to the ecliptic plane and at which there is a sharp rise in the density and a drop in temperature.
Several eﬀects resulting from this structure were observed by the Magnetospheric Multiscale spacecraft
in the magnetosheath close to the subsolar point (11:30 magnetic local time) and somewhat south of
the geomagnetic equator (−33∘ magnetic latitude): (i) kinetic Alfvén waves; (ii) a peaking of the electric
and magnetic ﬁeld strengths where E ⋅ J becomes strong and negative (−1 nW/m3) just prior to an
abrupt dropout of the ﬁelds; (iii) evolution in the pitch angle distribution of energetic (a few tens of
kilo-electron-volts) ions (H+, Hen+, and On+) and electrons inside a high-density region, which we attribute
to gyrosounding of the tangential discontinuity/vortex sheet structure passing by the spacecraft; (iv)
ﬁeld-aligned acceleration of ions and electrons that could be associated with localized magnetosheath
reconnection inside the high-density region; and (v) variable and strong ﬂow changes, which we argue
to be unrelated to reconnection at partial magnetopause crossings and likely result from deﬂections of
magnetosheath ﬂow by a locally deformed, oscillating magnetopause.
1. Introduction
An assortment of interplanetary ﬂuctuations and structures can interact with the bow shock and alter
conditions within the magnetosheath. Transmitted features within the magnetosheath may impact the
magnetopause. A persistent feature in the interplanetary medium is Alfvénic ﬂuctuations with correlated
or anticorrelated ﬂuctuations in the velocity and magnetic ﬁelds (e.g., Belcher & Davis, 1971; Tsurutani
& Ho, 1999). Alfvénic ﬂuctuations exhibit power spectra toward small scales (e.g., Bavassano et al., 1982;
Coleman, 1968; Roberts et al., 1987; Smith et al., 2006; Vasquez & Smith et al., 2007) and possess nonlinear
third moments of Elsässer variables (Elsässer, 1950), consistent with an active turbulence energy cascade to
small scales that deposits heat into the solar wind (e.g., MacBride et al., 2008; Stawarz et al., 2009).
Most of the energy for the turbulence resides at large scales (≥5× 105km, e.g., Belcher &Davis, 1971; Coleman,
1968; Matthaeus & Goldstein, 1982, 1986). Near 1 AU the large-scale ﬂuctuations are mainly ones that have
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solar origins. Amplitudes canbe comparable to the backgroundmagnetic ﬁeld itself. This is especially the case
in the fast solar wind where the fraction of Alfvénic ﬂuctuations is large (e.g., Belcher & Davis, 1971).
At large scales, the combined ﬂuctuating and backgroundmagnetic ﬁeld are found to be nearly constant and
are relatively noncompressive. Around5%to10%of theseﬂuctuations exhibit a so-called arcpolarization, that
is, on a plot of one transversemagnetic ﬁeld component against another, the tip of themagnetic ﬁeld through
thewave traces out a circular arcwhose angular extent is less than 180∘ (e.g., Lichtenstein & Sonett, 1980; Riley
et al., 1996; Sonnerup et al., 2010; Tsurutani et al., 1997; Wang et al., 2012). Theminimum variance direction of
the magnetic ﬁeld associated with arc-polarized ﬂuctuations is highly oblique to the background magnetic
ﬁeld (Riley et al., 1996). The nonlinear coupling of an obliquely propagating, noncompressive Alfvén wave
and a compressive fast mode wave propagating in the same direction can result in such a waveform (Barnes
& Hollweg, 1974; Vasquez & Hollweg, 1996a, 1996b). The rest of the ﬂuctuations have a spherical polarization
that can develop from the same coupling but involve more than one direction of propagation (e.g., Barnes,
1981; Vasquez & Hollweg, 1998). Although less common, intervals with arc-polarized ﬂuctuations lasting an
hour ormore do occur. These intervals appear to have a coherent form at large scales so that on encountering
geospace they may elicit identiﬁable eﬀects in the magnetosheath and magnetopause.
Analysis of magnetohydrodynamic (MHD) waves and hybrid simulations of Alfvén waves have been made
for the bow shock interaction (e.g., McKenzie & Westphal, 1969, 1970; Scholer & Belcher, 1971; Hassam, 1978;
Yan & Lin, 1994; Lin et al., 1996; Cable & Lin, 1998). From these works the transmission of waves into the mag-
netosheath, the generation of new ﬂuctuations in the magnetosheath, and their subsequent behavior have
been studied. Observations of Alfvénic ﬂuctuations without regard to their polarization near the bow shock
and in the magnetosheath have been made (e.g., Hassam, 1978; Sibeck et al., 1997, 2000). The nature of the
interaction and its results are not known in detail for arc-polarized ﬂuctuations.
The interaction of the bow shock with discontinuities has also been studied (e.g., Fairﬁeld et al., 2003;
Fairﬁeld et al., 2003; Farrugia et al., 2008; Lin et al., 1996; Maynard et al., 2007, 2008; Neubauer, 1975; Völk &
Auer, 1974; Wu et al., 1993; Yan & Lee, 1996). Since the interaction can be well time correlated, the outcome
of these interactions has been clearer than for ﬂuctuations. The interaction of discontinuities with the bow
shock can alter the shock signiﬁcantly, transmit the incident discontinuity, and generate new discontinuities,
including shocks, expansion fans, and waves. The magnetopause can be deformed due to stresses imposed
by the discontinuity after its interaction with the bow shock (e.g., Farrugia et al., 2008).
In the present analysis, an interval of large-amplitude and arc-polarized ﬂuctuations precedes a substantial
discontinuity in plasma and magnetic ﬁeld. They were observed in the solar wind close to the Earth-Sun line
by the TimeHistory of Events andMacroscale Interactions during Substorms (THEMIS-C [THC]) spacecraft, and
in the inner magnetosheath by the Magnetospheric Multiscale (MMS) spacecraft. Thus, the relation between
incoming arc-polarized ﬂuctuations and elicited magnetosheath waveforms can be examined. Kinetic Alfvén
waves in the magnetosheath appear to be the product of the interaction with the bow shock.
Kinetic Alfvén waves are a branch of the shear Alfvén waves with an intermediate phase speed (i.e., between
the slow and fast phase speed) and with perpendicular wave numbers (k⟂) approaching the inverse pro-
ton inertial length, or higher, in the type of plasmas considered here whose 𝛽 >me∕mp, where 𝛽 is the
plasma-to-magnetic pressure ratio, and me, mp are the electron and proton mass, respectively (e.g., Gary,
1986; Gershman et al., 2017; Hollweg, 1999; Lysak & Lotko, 1996). At kinetic scales, shear Alfvén waves have
an ion cyclotron branch for quasi-parallel propagation that is left-hand polarized and a kinetic branch for
quasi-oblique propagation that is right-hand polarized (Gary, 1986). The kinetic Alfvén wave is compressive
but has a small ﬂuctuating total pressure. It possesses parallel electric and magnetic ﬁeld perturbations and
can damp at the Landau resonance (e.g., Gershman et al., 2017; Stéfant, 1970; Quataert, 1998). At low 𝛽 ,
coupling between the MHD Alfvén and the slowmode can explain its characteristics.
The observed magnetic discontinuity is complicated by being associated with abrupt and simultaneous
changes in several other quantities. The velocities on the two sides of it are diﬀerent, making it a vortex sheet
(VS), the plasma density jumps by a factor of two, and the temperature falls to a low value that maintains
near pressure balance, producing a cold high-density ridge in the trailing region behind the discontinuity.
The eﬀects generated by this discontinuity are signiﬁcant. The magnetopause undulates in response to the
arrival of the discontinuity front producing large deﬂections of the ﬂows in the adjacent magnetosheath.
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In summary, the observations suggest the presence of large-scale nonlinear Alfvénic ﬂuctuations. On top of
this, there is a ﬁeld and ﬂow discontinuity accompanied by a sharp, twofold rise in the density. This is likely
to cause complications downstream of the bow shock considering the ﬁndings of Wu et al. (1993) according
to which, downstream of the bow shock, an MHD fast wave should precede the density rise. Furthermore,
tangential stresses are imposed on the magnetopause by the VS aspect (e.g., Farrugia et al., 2008)
This paper makes use of data from three missions: MMS, THEMIS, and Wind. The four MMS spacecraft are
identically instrumented and have an apogee of 12 RE , and so sample the magnetosphere, magnetosheath,
and solar wind. Data on electromagnetic ﬁelds are acquired by the FIELDS instrument suite (Torbert et al.,
2016), which includes the ﬂuxgate magnetometer (FGM; Russell et al., 2016) and electric ﬁeld double probes
(Lindqvist et al., 2016; Ergun et al., 2016) instruments. Plasma measurements are made by the Fast Plasma
Investigation (FPI; Pollock et al., 2016), and the Energetic Particle Detector (EPD; Blake et al., 2016). The THC
spacecraft was in lunar orbit. It includes a FGM (Auster et al., 2008) for the magnetic ﬁeld, an Electrostatic
Analyzer (ESA; McFadden et al., 2008) for the thermal plasma, and a Solid State Telescope (SST) for energetic
particles. Wind orbits the L1 point. Magnetic ﬁeld and plasma data are acquired by theMagnetic Field Investi-
gation (Leppinget al., 1995), the SolarWindExperiment (SWE;Ogilvie et al., 1995), and the3-DPlasmaAnalyzer
(Lin et al., 1995), respectively.
Section 2 describes the instruments and data used in this analysis. Sections 3–5 present the results of the data
analysis, the discussion of the results, and the conclusions, respectively.
2. Instruments
TheMMS/FIELDS instrument consists of three electric ﬁeld and threemagnetic ﬁeld instruments. The twopairs
of spin-plane double probes and the axial double probes allowMMS tomake direct measurements of the full
3-D electric ﬁeld, ranging from Direct Current (DC) up to 100 kHz. The analog and digital FGMs (AFG/DFG)
measure magnetic ﬁelds in the frequency range from DC up to 64 Hz. The higher frequency range, from 1 Hz
up to 6 kHz, is covered by a search-coil magnetometer (Le Contel et al., 2016).
The FPI providesMMSwith high cadence electron and ion distributions in the energy/charge range of 10 eV/q
up to 30 keV/q. EachMMS satellite is equippedwith eight FPI spectrometers that, combinedwith electrostatic
control of the ﬁeld of view, allow FPI to sample in burst mode the full electron and ion distributions.
The two instruments on EPD complement the FPI observations by measuring high-energy electrons and
ions. The Fly’s Eye Energetic Particle Spectrometer measures ions with energies from ∼60 up to 600 keV
and electrons from ∼30 up to 600 keV. The Energetic Ion Spectrometer measures the energy, direction, and
composition of ions through a combination of time-of-ﬂight by energy and time-of-ﬂight by microchannel
plate pulse-height techniques, as well as the direction and energy distributions of electrons using collimated
solid-state detectors in the energy range from∼15 keV up to>0.5 MeV (Mauk et al., 2016). EachMMS satellite
is equipped with two Fly’s Eye Energetic Particle Spectrometer and one Energetic Ion Spectrometer instru-
ment, mounted along the outer rim of the satellites with a 120∘ separation, allowing them to achieve an
instantaneous > 3𝜋 steradian solid angle coverage (Blake et al., 2016).
The THEMIS/FGM is a triaxial FGM that measures the 3-D ambient magnetic ﬁeld, including DC and
low-frequency perturbations of the magnetic ﬁeld, time wave, and structure propagation between probes.
The instrument consists of two orthogonal ring-core elements of diﬀerent diameter and is mounted on a 2-m
double-hinge carbon epoxy boom.
The THEMIS/ESAmeasures the thermal ion andelectron ﬂuxes. It is a “tophat” back-to-backpair of hemispher-
ical ESAs. ESA obtains full three-dimensional ion and electron velocity distributions in the energy range∼5 eV
to 20 keV, as well as their densities, velocities, and temperatures. The hot electrons and ions in the energy
range from 25 keV up to 6 MeV are measured by SST instruments.
Wind/magnetic ﬁeld investigation is a boom-mounted dual triaxial FGM. SWE consists of two Faraday cup
sensors: a vector electron and ion spectrometer, a solar wind strahl sensor that is specially conﬁgured to study
the nearly ﬁeld-aligned electron beam, and an on-board calibration system. The energy/charge range of the
Faraday cups is 150eV/q to8keV/qand thatof thevector electronand ion spectrometer is 7 eV/q to24.8 keV/q.
The 3-D Plasma Analyzer consists of six diﬀerent sensors. There are two electron (EESA) and two ion (PESA)
ESAs with diﬀerent geometrical factors and ﬁeld-of-views covering the energy range from 3 eV to 30 keV. All
data fromWind and THC were obtained from the NASA CDAWeb site.
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Table 1
Major Phenomena atWind and THEMIS-C (THC) in the Interplanetary Medium
Spacecraft UT Observation
Wind 6:44 TD/VS
Wind ∼6:45–6:50 Cold and high-density ridge
THC 7:10–7:36 Arc-polarized structure
THC ∼7:33:40 TD/VS and density rise
THC ∼7:33:40–7:35:30 Cold and high-density ridge
Note. TD = tangential discontinuity; VS = vortex sheet.
3. Observations
THC and Wind interplanetary observations of large-amplitude Alfvénic ﬂuctuations preceding a large ﬁeld
and ﬂow discontinuity are reported in section 3.1. These features are then related toMMS observations when
aproper delay is taken into account. For better organization of the results, wegive in Tables 1 and 2 a summary
of the major phenomena seen at the various spacecraft (Wind and THC in Table 1 and MMS1 in Table 2) and
the times when they were observed.
3.1. Interplanetary Observations: THC andWind
Figure 1 shows a 45-min-long interval of proton andmagnetic ﬁeld data fromTHC. The spacecraft was in lunar
orbit and situated at (55, 20, 5) RE in geocentric solar ecliptic (GSE) coordinates. Its moderate displacement
from the Earth-Sun line makes it a good monitor of interplanetary conditions, which will aﬀect the Earth’s
environment. From top to bottom the ﬁgure shows the proton number density (with the proton temperature
overlaid in purple), the bulk ﬂow speed, dynamic pressure, themagnetic ﬁeld components inGSE coordinates,
onwhich are overlaid the corresponding velocity components, and the totalmagnetic intensity. The temporal
resolution of the data is ∼4.1 s. This is a case of a fast wind of relatively low ﬁeld strength and density. The
AlfvénMach number is∼12. A key feature is the sudden rise in density and simultaneous drop in temperature
at 7:34 UT, marked by the vertical guideline. Here both the magnetic ﬁeld and the velocity vectors undergo
discontinuous changes. Prior to this discontinuity, there is a region with large-amplitude ﬂuctuations.
We now inquire into the nature of the discontinuity at ∼7:34 UT. In a statistical study Knetter et al. (2004)
used Cluster spacecraft observations to triangulate the normal direction of directional discontinuities in the
interplanetary medium (Russell et al., 1983). All discontinuities sampled had normal directions that were
approximately perpendicular to themagnetic ﬁeldB, based on estimated uncertainties. When these disconti-
nuities had small changes inmagnetic intensity B, such as for the discontinuity at THC at∼47:34 UT, one could
not distinguish a tangential (TD) from a rotational (RD) discontinuity (Neugebauer et al., 1984; Smith, 1973)
based on the magnetic ﬁeld data alone. So we shall use both magnetic and particle data.
We ﬁrst carry out a minimum variance analysis of the magnetic ﬁeld data for the interval 7:33:00–7:34:39 UT.
We obtain an intermediate-to-minimum eigenvalue ratio equal to 11 and a normal ﬁeld component Bn =
Table 2
Major Phenomena Seen byMMS1 Near the Subsolar Magnetopause
UT Observations
∼7:30–7:36 Mirror mode waves
7:36–7:45 Large amplitude V and B ﬂuctuations; energy exchange
7:43 Fast shock
7:45:01 Slow expansion fan
7:45–7:45:40 Strong ﬂuctuations and 2 B-ﬁeld depressions
7:45:40 Arrival of TD/VS. Dynamo eﬀect during energy exchange
7:45:34–7:47:22 High-density ridge; gyrosounding of TD/VS.
7:46:04–7:46:25 Field-aligned ion and electron accelerated ﬂows
7:47:20–8:00:00 Cycles of accelerated and deﬂected ﬂows
Note. MMS = Magnetospheric Multiscale; TD = tangential discontinuity; VS = vortex
sheet.
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Figure 1. Proton and magnetic ﬁeld data from THEMIS-C for the interval 7–7:45 UT. From top to bottom: the proton
density and, overlaid in purple with scale on the right, the proton temperature; the bulk speed; the dynamic pressure;
the components of the magnetic ﬁeld (black traces; GSE coordinates) and, overlaid in purple, the corresponding
components of the velocity, also in GSE; and the total ﬁeld. The purple vertical guideline marks the time of a
discontinuity in the ﬁeld and ﬂow at which there is also a rise in density and a simultaneous drop in temperature (cold
ﬂow anomaly). The red line marks the interval where the components of B and V are anticorrelated. GSE = geocentric
solar ecliptic; THEMIS = Time History of Events and Macroscale Interactions during Substorms.
−2.66 ± 0.17 nT. This, then, suggests that this discontinuity is a RD. Since Bn is approximately two thirds of
the total ﬁeld, we analyzed also the plasma data, using the criterion based on pressure anisotropy given by
(Hudson, 1970, his equation 50). According to this, a necessary condition for a discontinuity to be a RD is that
(P∥ − P⟂)∕(2PB) ≤ 0 on both sides of the discontinuity, where P∥ and P⟂ refer to the thermal pressure parallel
and perpendicular to the magnetic ﬁeld, and PB is the magnetic pressure. In our case, this condition is not
satisﬁed downstream of the discontinuity. An RD cannot propagate in this case. We conclude, then, that the
discontinuity at ∼7:34 UT is a TD. Since the velocity is also discontinuous there, it is simultaneously a VS. This
combination is referred to below as a TD/VS.
A proven approach for a single spacecraft is to estimate the normal direction by taking the cross product of
the magnetic ﬁeld about the discontinuity since this always gives a normal direction perpendicular to the
magnetic ﬁeld (e.g., Knetter et al., 2004; Vasquez & Abramenko et al., 2007). For the present discontinuity,
the cross product normal direction k is (0.26, −0.34, −0.90) so that the normal is highly inclined (65∘) to the
ecliptic plane.
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Figure 2. For the interval 7:10–7:36 UT, the ﬁgure shows, pairwise, the components of the ﬁeld and ﬂow in coordinates
IJK obtained by a minimum variance analysis of the magnetic ﬁeld in the interval. It highlights the anticorrelation of the
respective components. The bottom panel shows a hodograph in the plane perpendicular to the minimum direction,
where the end of the vector traces a circular arc. THEMIS = Time History of Events and Macroscale Interactions during
Substorms.
The discontinuity is superposed on a VS, where the tangential velocity changes through the TD, giving
a nonzero ﬂow vorticity. In addition, the density nearly doubles across the structure and overall pressure
balance is nearly maintained by a concurrent decrease in proton temperature (hereafter called “cold ﬂow
anomaly” [CFA] for ease of reference). About 2min later, aweaker discontinuity atwhich thedensity decreased
by 20% is also observed at the trailing edge of the density ridge. It is, however, much weaker than that at
the leading edge, and so we shall mainly focus our attention on the TD/VS with the twofold density increase.
This combination of discontinuities can be used to identify similar features at other spacecraft. The density
changes survive to theMMS spacecraft positioned near the subsolar point and prove to be an excellent timer.
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Figure 3. Elements of the momentum ﬂux tensor calculated over the interval 7:10–7:36 UT where a good normal (k)
was found. The normal stresses are shown in the ﬁrst panel, while the other panels give the tangential stresses. The red
traces show the contribution of the magnetic ﬁeld. Note the considerable increases at 7:34 UT, the time of the arrival of
the CFA. Here the tangential stresses exceed the normal pressure. THEMIS = Time History of Events and Macroscale
Interactions during Substorms.
CorrelationwithWindobservations (see further below) is alsomadebased on the identiﬁcation of the velocity
and density changes.
Another feature of interest is the evident anticorrelation of the ﬁeld and ﬂow vectors before the TD/VS. With
the averagemagnetic ﬁeld pointing away from the Sun, the anticorrelation implies outward propagation. The
correlation coeﬃcients are−0.9 (X), −0.8 (Y), −0.6 (Z), determined from data in the interval 07:10 to 07:36 UT
(red horizontal line). The amplitude of the ﬂuctuations is comparable to that of the average magnetic ﬁeld.
The value of B varies little throughout the interval.
For the interval 7:10–7:36 UT, which includes the TD/VS, we plot in Figure 2 the magnetic ﬁeld and ﬂow com-
ponents pairwise, using coordinates IJK obtained from a minimum variance analysis of the magnetic ﬁeld
over this entire interval (Sonnerup& Scheible, 1998). In IJK coordinates, unit vector K in theminimumvariance
direction is normal to the plane deﬁned by the I and J vectors. The bottom panel shows a hodogram of the
magnetic ﬁeld components in the maximum variance plane IJ. The data points follow a well-deﬁned semicir-
cular arc (purple) in accord with arc polarization (e.g., Riley et al., 1996; Sonnerup et al., 2010; Tsurutani et al.,
1997). Consistent with the statistical properties for arc-polarized ﬂuctuations (Riley et al., 1996), theminimum
variance direction k (0.230,−0.386, −0.893) is practically orthogonal (angle = 90.5∘) to the average magnetic
ﬁeld B0 (−0.324, 3.216,−1.440), and Bk is nearly zero. Theminimum variance direction is also close to the nor-
mal direction of the TD/VS so that they constitute one nearly planar structure. The intermediate direction J
subtends an angle of 26∘ to B0. The direction of B0 is at an angle of 95∘ with respect to the Earth-Sun line.
Given the strong inclination to the ecliptic plane and the sudden changes in ﬁeld and ﬂow parameters, the
momentum ﬂux tensor associated with this structure is important. The momentum ﬂux tensor is given by
Π𝛼𝛽 =
(
p + B
2
2𝜇0
)
𝛿𝛼𝛽 + 𝜌V𝛼V𝛽 −
B𝛼B𝛽
𝜇0
, (1)
where p is the thermal plasma pressure, V is the velocity, 𝜌 is the mass density, and 𝛼 and 𝛽 are the running
indices. Figure 3 shows elements of this tensor for the same period (7:10-7:36 UT). The minimum variance
coordinates are given in the various panels. Note that the normal vector k has a large component in the Z
(GSE) direction. The eﬀect of including themagnetic ﬁeld, indicated by the red traces, is seen to be negligible.
Using the TD/VS coordinates i, j, k (Figure 2), with Bk = 0, the component of momentum ﬂux normal to the
discontinuity plane is
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Figure 4.Wind magnetic ﬁeld and proton data for the interval 6:15–7:00 UT. The data are from the MFI, SWE, and 3DP
instruments. The format is similar to that of Figure 1. MFI = Magnetic Field Investigation; SWE = Solar Wind Experiment;
3DP = 3-D Plasma Analyzer; GSE = geocentric solar ecliptic.
Πkk = 𝜌V2k + p +
(B2i + B
2
j )
2𝜇0
. (2)
Note that at themoment of impact on themagnetopause, vector k is normal to both the discontinuity as well
as the magnetopause, so that Πkk represents the pressure normal to the boundary. The components of the
momentum ﬂux in the TD/VS plane are
Πk𝛽 = 𝜌VkV𝛽 , (3)
where 𝛽 = i, j, and their variation across the discontinuity plane is important.
Clearly, the tangential stresses are signiﬁcant. At the arrival of the CFA associated with the TD/VS, all compo-
nents increase inmagnitude. However, the increase in the tangential stresses is bigger than that in the normal
pressure. The latter will make themagnetopause oscillate when the discontinuity impacts it, while the former
will also deform it. One would expect the magnetosheath ﬂow to respond to these undulatory deformations
by being deﬂected from typical sheath ﬂow near the equatorial subsolar point (which would bemainly along
the east-west direction). Also, one expects these deﬂections to have a damped periodic character consistent
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Figure 5. The position of MMS1 (star) at 7:45 UT with respect to the Shue
et al. (1998) magnetopause (MP) model. The interplanetary data have been
shifted by the deduced time delay (see text). The vertical axis shows the
distance from the axis of symmetry of the model magnetopause.
MMS = Magnetospheric Multiscale.
with the underlying, damped oscillations of the magnetopause (Freeman
et al., 1995; Farrugia et al., 2008). Of course, the orientation of the copla-
narity plane will change in the magnetosheath, but this is not a matter of
principle. We can verify this with in situ data.
On what scale lengths does the arc-polarized structure remain coherent?
The Wind spacecraft was situated at this time at (197, −51, −7) RE , that
is, sunward and about 70 RE to the west of THC. Figure 4 plots from top
to bottom the proton number density Np (overlaid in red, the proton
temperature), the bulk ﬂow speed, the dynamic pressure, the magnetic
ﬁeld components in GSE (and overlaid in red the corresponding velocity
components), and the total magnetic ﬁeld strength as a function of time
between 06:15 and 07:00 UT. A fast solar wind ﬂow is present atWind com-
parable in speed to that found at THC. A sharp density rise (marked by
vertical blue guideline in Figure 4) near 6:45 UT is seenwith characteristics
matching those of the CFA at THC. Timing theNp rise at the two spacecraft,
we obtain a Wind-THC delay of 49.5 min. This delay agrees well with that
calculatedbasedon theorientationof the assumedplanar TD/VSusing the
cross product normal and an estimated advection speed of 500 km/s. The
surrounding ﬂuctuations are anticorrelated in magnetic ﬁeld and veloc-
ity. A coherent arc polarization is, however, not present. In the case of
Wind, the Alfvénic ﬂuctuations exhibit the far more common spherical
polarization attributed to ﬂuctuations with spatial wave vectors that are
diﬀerently directed. Based on the spacecraft separation along a line in
the plane deﬁned by the discontinuity, the coherence of the arc-polarized
ﬂuctuations at THC may be inferred to be less than 110 RE .
3.2. Magnetosheath Observations: MMS
In this sectionwe investigate the eﬀects atMMS1of (i) thenonlinear Alfvén
waves and (ii) the consequences of the arrival of the TD/VS structure with
its associated CFA. We then (iii) detail observations during the passage of the high-density ridge, including
data on particle acceleration and energetic pitch angle (PA) behavior.
Around the time of interest, the MMS satellite constellation was near apogee (12 RE), which was reached at
∼6UT. Figure 5 shows thepositionofMMS1 relative to the Shueet al. (1998)modelmagnetopause at 7:45UT, a
key time corresponding to∼7:33UTat THC. (Seebelow for the THC-MMS1delay time.) Theplot gives the radial
distance of themodel magnetopause from the axis of symmetry (R, in Earth radii, RE) versus the X coordinate.
The blue arrow shows the normal to the TD/VSwhen it arrives atMMS1. In the input to the code, the delaywas
used to shift the interplanetary data. The position of MMS1 in GSE coordinates was (11.65, −0.96, −1.03) RE ,
that is, it is ideally located for the task in hand, near the equator and close to the subsolar point. Throughout
the interval 7–8 UT it remained within less than 1 RE from themagnetopause. This is apparent from Figure S1
in the supporting information, which compares the distance of the model magnetopause (black trace) with
that of MMS1 (diamond symbols) from the symmetry axis.
By way of an overview, we discuss now MMS1 proton and magnetic ﬁeld observations during 7:30–8:00 UT.
Figure 6 shows the proton density with the temperature overlaid in purple; the bulk ﬂow speed; (pairwise)
the ﬁeld and ﬂow components in GSE coordinates, where the ﬂow components are shown by purple traces
with scale on the right; and the total ﬁeld. The colored horizontal guidelines in the Bz/Vz panel indicate the
various time segments around which the discussion of MMS observations is structured.
At the beginning of the interval (7:30 to ∼7:36 UT) one can see a strongly ﬂuctuating B-proﬁle (ΔB∕B ∼ 1)
anticorrelatedwith a ﬂuctuating density proﬁle, which is typical ofmirrormodewaves. Then follows a∼9-min
period (∼7:36–7:45 UT; purple horizontal line) where there are slow ﬁeld and ﬂow variations of large ampli-
tude. From the ﬁrst panel we see the arrival of the CFA at 07:45:40 UT. This, then, gives a delay of 11:40 min
between the THC andMMS1 observations. Preceding the arrival of the CFA, and starting at the time indicated
by the vertical guideline, there is a short (∼40 s) interval (blue horizontal line) of strong and rapid perturba-
tions that include two strong ﬁeld depressions (“bubbles”). The times when they occur are indicated by red
arrows in panel 6, but they are more easily seen in Figure 8, panel 1. The high-density ridge (black horizontal
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Figure 6. An overview plot of magnetic ﬁeld and proton data from MMS1 for 7:30–8:00 UT. The data are in fast/survey
mode. From top to bottom: the density with the temperature overlaid in purple; the bulk ﬂow speed; (pairwise)
magnetic ﬁeld and velocity components in GSE, the latter shown by purple traces; and the total ﬁeld strength. The
vertical guideline is drawn at 7:45 UT. The colored horizontal guidelines in the Bz/Vz panel indicate the various intervals
around which the discussion of MMS observations is structured. MMS = Magnetospheric Multiscale; GSE = geocentric
solar ecliptic.
line) after the CFA ends at 7:47:22 UT. Then there develop enhancements in the ﬂow components and seem-
ingly oscillatory variations inV andB (red horizontal line). They are seen clearest in Vx andhave approximately
a 5-min period.
The normal direction and speed of the TD/VS are obtained from triangulation (Russell et al., 1983) using the
four spacecraft in their tetrahedral conﬁguration. The normal k is (0.63, 0.73, 0.27) in GSE coordinates, and
the speed is 164 km/s. The normal direction is consistent with a direction perpendicular to themagnetic ﬁeld.
The speed agrees with the local bulk proton speed at the time of the discontinuity passage. The MMS data
thus support the identiﬁcation of the discontinuity as tangential.
There are diﬀerences between the discontinuity as seen at THC and at MMS1. The normal direction at MMS1
has changed. It is less inclined to the ecliptic plane (16∘), which is a reduction of 49∘ from THC, and the ori-
entation in the ecliptic plane has rotated counterclockwise nearly 90∘ from THC to MMS. These changes in
orientation can occur on entry and advection through the magnetosheath because the fast wave bow shock
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Figure 7. The ﬁrst three panels show the perturbations of the electric ﬁeld (black traces) and the current densities,
computed from the moments (mom) in direction parallel and perpendicular (panels 2 and 3) to the magnetic ﬁeld. The
last two panels show the energy dissipation parallel and perpendicular to the magnetic ﬁeld. MMS = Magnetospheric
Multiscale.
increases the component of B transverse to the shock normal from that in the interplanetary medium, and
the magnetosheath magnetic ﬁeld drapes around the magnetopause (see Volwerk et al., 2011). Another sig-
niﬁcant diﬀerence is the change of ﬂow speed at the TD/VS. The ﬂow speed at THC decreases on passage,
whereas at MMS the speed increases.
We shall subdivide the rest of this section as follows: (i) the period 7:36–7:45 UT, inquiring about what type of
waves these are; (ii) the interval 7:45:00–7:45:40 UT, just before the arrival of the CFA; (iii) the energy exchange
occurring after the arrival of the CFA in 7:45:40–7:46 UT; and, lastly, (iv) the density ridge bracketed by the
discontinuities at 7:45:34 UT and 7:47:22 UT, including energetic particle behavior, and accelerated ﬂows after
7:46 UT.
3.2.1. The Interval 7:36–7:45 UT
During the interval 7:36–7:45 UT (purple horizontal line), Figure 6 shows broadband ﬂuctuations in the veloc-
ity and magnetic ﬁeld. As this interval precedes the discontinuity, the ﬂuctuations could be linked to the
arc-polarized ﬂuctuations observed by THC. Using GSE coordinates and subtracting the average value of
the respective components in the interval to get the ﬂuctuations, the correlation coeﬃcients were 0.26 (X),
−0.47 (Y), and−0.42 (Z). The sign of the correlation is thus not consistent in all components. There are strong
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Figure 8. From top to bottom: the magnetic ﬁeld strength; the y and z components of the electric ﬁeld perpendicular to
B and, overlaid in red, the z and y components of the magnetic ﬁeld perturbations; the perpendicular (parallel) electric
ﬁeld in black (blue); and the E/B ratio (black), the z-component of the perpendicular electric ﬁeld divided by By (red),
and Alfvén speed (purple). MMS = Magnetospheric Multiscale.
variations in B corresponding to ﬂuctuations that are approximately linearly polarized. It appears that the arc
polarization did not survive the encounter with the bow shock. The proton density is anticorrelated with B,
which is more consistent with slow waves. Similar results were obtained by Sibeck et al. (2000), though not
for arc-polarized ﬂuctuations in the solar wind.
Let us look closely at this. MMS1 was located in the magnetosheath near the subsolar magnetopause, where
ﬂuctuations from the vicinity of THC would be expected to arrive. Observations of ﬂuctuations in the inter-
val 7:36–7:45 UT at MMS1 preceding the TD/VS are interpreted as ones that are the product of the incident
waves seen ﬁrst at THC, and their interaction with the Earth’s bow shock. We noted above the lack of a con-
sistent correlation between the B andV ﬂuctuations: In two components they were anticorrelated, and in the
other, correlated. These correlation coeﬃcients were not consistent with THC that had anticorrelation in all
components and that supported the identiﬁcation of Alfvénic ﬂuctuations. Similar contradictory correlation
coeﬃcients in the magnetosheath were reported by Sibeck et al. (2000), using simultaneous measurements
in the magnetosheath (Geotail and Wind) and solar wind (IMP 8). The waves in the magnetosheath were
always found to be traveling antisunward, but a change in sign occurred across the magnetic noon merid-
ian. This was ascribed to the eﬀect of the reversal of the GSE-X direction of the magnetic ﬁeld as it drapes
around the magnetosphere, and (see their Figure 1) was consistent with MHD simulations by Cable and
Lin (1998). This eﬀect is likely to be very pronounced in our case because the MMS spacecraft were near
the magnetopause nose. We conclude that the arc-polarized structure did not change this behavior in the
magnetosheath.
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Density decreases concomitant with B increases accompanied the ﬂuctuations observed in the interval
7:36–7:45 UT (Figure 6, purple horizontal line). This anticorrelated behavior and the reduced magnitude of
the correlation were typical of magnetosheath observations of Alfvénic ﬂuctuations in the work of Sibeck
et al. (2000). These authors attributed this behavior to a mixture of propagating Alfvén and slow waves. In
MHD, the interaction between antisunward propagating Alfvén waves and a fast bow shock not only trans-
mits the Alfvén wave but also generates a sunward Alfvén wave that is carried downstream from the shock
(e.g., Hassam, 1978; McKenzie & Westphal, 1969, 1970). The amplitudes of the Alfvén waves downstream are
elevated by a factor of 3 to 4 from the incident ones. Their nonlinear interaction can cause variations in density
and B, and just the superposition of oppositely propagating waves can reduce the magnitude of the corre-
lation between the ﬂuctuating velocity and magnetic ﬁeld. Slow waves can also be generated (e.g., Hassam,
1978; Yan & Lin, 1994). In the high 𝛽 conditions of the magnetosheath, slow waves have transverse mag-
netic ﬂuctuations that can match well the polarization of the incident Alfvén wave and so can carry away
a signiﬁcant amount of the incident energy. Slow waves introduce anticorrelated variations in density and B
even in the small-amplitude limit. Is this a viable interpretation in our case?
In the interplanetary medium, the arc-polarized ﬂuctuation endured for some 24 min from 7:10 to 7:34 UT,
when the TD/VS is encountered. With a time delay of 11:40 min derived above, this maps the starting time
7:36 UT at MMS to 7:24:20 UT at THC. Figure 1 shows that the interval from 7:24:20 to 7:34 UT would include
only a subinterval of the arc-polarized ﬂuctuations.Mirrormodes foundbefore 7:36UT atMMS appear to have
obscured the earlier portion of the arc-polarized ﬂuctuations.
The ﬂuctuations found between 7:36–7:45 UT at MMS1 are of large amplitude and have periods of 2 min and
shorter. Compared with similar, short ﬂuctuations found at THC, those ﬂuctuations transmitted through or
generated at the bow shock have a higher amplitude. Theminimum variance direction for themagnetic ﬁeld
in this interval, k, is (0.81, −0.7, −0.58) and B0 is (−5.52, 3.65, −10.99). The angle between k and B0 is 87.6∘.
The ﬂuctuations at MMS1 are likely highly oblique, as were the ﬂuctuations at THC.
Figure 7 shows a plot in a format similar to that of Gershman et al. (2017, their Figure 6) that compares the ﬂuc-
tuations in the electric ﬁeld ΔE (black traces) and in the current density ΔJ (purple traces), parallel (panel 1)
and perpendicular (panels 2 and 3) to the magnetic ﬁeld. The last two panels show the computed compo-
nent variation of Δ(E ⋅ J) that determines the energy transfer between electromagnetic ﬁelds and plasmas.
A magnetic ﬁeld-aligned coordinate system is used as described by Gershman et al. (2017): One axis is along
the local ﬁeld direction, the second is obtained from a cross product of this unit vector with the unit vector
along XGSE, and the third component is orthogonal to both and completes the right-handed triad. The cur-
rent densities for this interval are obtained from plasma moments as J = q(NiVi − NeVe), where q is the unit
of electrical charge and Vi and Ve are the bulk ion and electron velocities, respectively.
In the ﬁrst three panels we note that theΔE andΔJ components are not in phase so there is ongoing energy
transfer. The bottom two panels show this energy transfer parallel and perpendicular to the magnetic ﬁeld.
Note that in these last two panels the Y ranges are very diﬀerent. The energy transfer parallel to themagnetic
ﬁeld is much smaller than for the perpendicular component, which is consistent with kinetic Alfvén waves
(e.g., Gershman et al., 2017). Also, the perpendicular component exhibits a quasiperiodic variation indicative
of energy shifting back and forth between ﬁelds and particles. On average, the energy of the particles and
ﬁelds does not change. This is consistent with waves that, on average, are not heating the plasma.
Much of the variation seen in Figure 7 comes from short periods among the broadband ﬂuctuations. A com-
parison (not shown) of the spectral power in E and B ﬁnds that their ratio exceeds V2A for short periods of 8 s
or less. This is consistent with kinetic Alfvén waves. Longer periods have power ratios near V2A and may be
consistent with kinetic Alfvén waves if they are also highly oblique.
Although the kinetic Alfvén wave dissipates linearly, Gershman et al. (2017) found that nonlinear trapping
of particles by kinetic Alfvén waves can quench the dissipation. This appears to be the case with the short
period ﬂuctuations in this interval since no net heating takes place. In summary, while the arc-polarized
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Figure 9. Current density from curlometer (black traces) and from moments at MMS1 (blue traces), the total current
density, and the energy exchange term. MMS = Magnetospheric Multiscale.
structure does not survive after the bow shock, there is good evidence that the associated, interplanetary
Alfvénic ﬂuctuations are, or have become, kinetic Alfvén waves.
3.2.2. The Interval 7:45–7:46 UT
We now discuss the 1-min interval 7:45–7:46 UT, which includes the arrival of the CFA at the time marked
by the vertical guideline in Figure 8. The Figure shows in the top panel the total magnetic ﬁeld strength and
in the second and third panels the y and z components of the electric ﬁeld perpendicular to B. In red, we
overplot the ﬂuctuations in the Bz and By components. These are calculated by subtracting from the B-ﬁeld
measurements the average ﬁeld value during this interval. The fourth panel shows in black the magnitude of
the perpendicular E-ﬁeld and in blue, with scale on the right, that of the parallel E-ﬁeld. The last panel shows
the E/B ratio in black, the z-component of the perpendicular electric ﬁeld divided by By in red, and the Alfvén
speed in purple. The peaks in this last panel occur at the magnetic ﬁeld dips.
The interval before the CFA arrival starts with a slow expansion fan at 7:45:01 UT, where B, T and V rise
and N decreases (best seen in Figure 6 at ∼7:45 UT, i.e., at end of previous interval). Then follows a slow,
large-amplitude oscillatory ﬁeld proﬁle reaching down to two deep ﬁeld nulls (red arrows). Quantities E and
B maximize just prior to CFA arrival, and then drop to very low values.
The E⟂ andΔB quantities in the panels 2 and 3 are related: anticorrelation in E⟂,y andΔBz (correlation coeﬃ-
cient = -0.8) and correlation in E⟂, z andΔBy (correlation coeﬃcient = 0.9). Themagnitude of the correlation is
near unity. We note that a correlation ofΔB and n1∕2 ⋅ΔVwith the same sign, which is characteristic of Alfvén
waves, would lead to opposite signs when we correlate the E⟂ and B ﬂuctuations. This is what we have here.
This is a strong indication of Alfvénic ﬂuctuations.
This is further supported by the ﬁfth panel where the E/B ratio gives a fairly good estimate of the Alfvén
speed, VA. The fourth panel shows further that while E∥ is much smaller than E⟂, it is nonnegligible. This is
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Figure 10. For the period 7:45 to 7:50 UT, the panels show, from top to bottom, proton density (black) and overlaid
temperature (red); the total ﬁeld and its components (in GSE); and, overlaid in purple, the corresponding ﬂow quantities.
The bottom panel gives the angle between the magnetic ﬁeld and ﬂow vectors. Bracketed by the orange dashed
guidelines is the accelerated ﬂow we discuss in the text. MMS = Magnetospheric Multiscale; GSE = geocentric solar
ecliptic.
an indication of the kinetic nature of the Alfvén wave mode. Further support for this conjecture, based on
a consideration of relevant length scales, is given in the section 4.1. Similar results were reached in the pre-
vious subsection for the longer interval 7:36 to 7:46 UT. We may thus conclude that the nonlinear Alfvénic
ﬂuctuations in the solar wind have been changed to kinetic Alfvén waves in the magnetosheath.
The interval following the CFA arrival (7:45:40–7:46:00UT) startswith a hole in the electric andmagnetic ﬁelds
where E∥ picks up. The electric and magnetic ﬁeld strengths undergo a precipitous drop just after the time
marked by the vertical guideline. This B dip, however, is very diﬀerent from the previous two: It has a more
suddenonset and recovery and lasts longer. Similar correlated/anticorrelatedbehavior inE andB components
is still present as before.
For the interval 7:45–7:46 UT, Figure 9 shows the current densities and the power dissipation. The currents
are calculated by the curlometer technique (Dunlop et al., 2002, 1998), using all four MMS spacecraft, and are
shown by the black traces. The blue traces give the current density using MMS1 moment data. The vertical
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Figure 11. For the period 7:40 to 7:55 UT the ﬁgure shows the magnetic ﬁeld data at MMS1 and the proton density, for
reference, the energy ﬂuxes and pitch angle distribution of protons, helium, oxygen, and electrons. The EPD data for the
energetic particles are combined from all four spacecraft. The plasma is more energized in this interval than in the
preceding one with the mirror mode waves (cite UT). The mirror mode interval is cooler because the instability takes
energy from the thermal plasma.MMS = Magnetospheric Multiscale; FEEPS = Fly’s Eye Energetic Particle Spectrometer;
EIS = Energetic Ion Spectrometer; PAD = pitch angle distribution; FPI = Fast Plasma Investigation; FGM = ﬂuxgate
magnetometer; GSM = geocentric solar magnetospheric.
guideline is again drawn at the CFA arrival (i.e., at 7:45:40 UT). A feature that stands out is the large current
density spike shortly before this. Here E ⋅ J is large and negative (bottom panel), that is, we have a dynamo
eﬀect with energy going into themagnetic and electric ﬁelds. This coincides with the timewhen E and J peak
before they suddenly decrease to zero (see Figure 8).
3.2.3. The Interval 7:45:40–7:47:20 UT: The High-Density Ridge
In this subsection we discuss observations during the passage of the density ridge, from 7:45:32 to 7:47:28
UT (black horizontal trace in the overview of Figure 6). Figure 10 shows from top to bottom the density and
proton temperature (in red), the total magnetic ﬁeld and its components (black traces) on which are overlaid
(in purple) the ﬂow speed and the velocity components. The bottompanel gives the angle between themag-
netic ﬁeld and the ﬂow velocity. We have already discussed the initial density rise. Its interactionwith the bow
shock is expected to produce a fast shock that shares some of the density increase and that travels ahead of
it. We elaborate on this in section 4.2.
About 2 min later, there is a density drop from about 20 to 16 cm−3 (20%). We shall not discuss this in detail.
We note, however, that centered on 7:46:15 UT (between the two orange guidelines in Figure 10) the density
decreases (from 24 to 21 cm−3) and, on average, the total ﬁeld increases. This is a feature of a slow rarefac-
tion wave. The ﬂow is strongly accelerated, mainly along themagnetic ﬁeld (bottom panel). This ﬁeld-aligned
acceleration is present also in the electrons (see Figure S2). Note that this structure in ﬁeld and ﬂow was not
seen at THC, so it is not a feature convected from the solar wind. It might have been produced by the interac-
tion of the bow shock with the TD/VS or with the trailing, smaller TD. The slow rarefaction wave might have
originated locally in the magnetosheath. The fast accelerated ﬂow is likely due to reconnection of ﬁeld lines
within the density ridge.
The passage at MMS1 of the CFA and its associated TD/VS left an imprint on the energetic particle PA distribu-
tions (PADs) and on magnetosheath ﬂows close to the subsolar magnetopause. Information on the behavior
of energetic particles at and after this interval is provided in Figure 11. To produce this plot, the EPD data for
the energetic particles are combined from all four spacecraft. For the period 7:40 to 7:55 UT the ﬁgure shows
the magnetic ﬁeld data and the proton density at MMS1 and the energy ﬂuxes and PADs of protons, helium,
oxygen, and electrons, in this order. Although the charge states of the heavy ions are not measured, the sim-
ilar PA behavior of the helium and protons suggests the dominance of solar wind He++, which has the same
gyroradius as a proton of the same energy. The oxygenmeasurements appear most likely dominated by high
charge-state solar wind species. The energies of the particles lie in the tens to hundreds of kilo-electron-volt
range. The PADs are all isotropic before∼07:45:40UT, atwhich point they transition to only near∼90∘ PAs dur-
ing the interval of passage of the high-density ridge (up to 7:47:20 UT). Afterward, the ion PADs speciﬁcally
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Figure 12. Shown are the proton parameters measured by MMS1 in 7:45–8:00 UT: density (temperature overlaid in red),
the ﬂow speed, and its geocentric solar ecliptic components. MMS = Magnetospheric Multiscale; GSE = geocentric solar
ecliptic.
change again, with depletions appearing mainly in the low PA range and resulting in anisotropies favoring
PA > 90∘. This signature is, however, not present in the electrons and very weakly in the oxygen ions. The
lack of electron signature suggests that this asymmetric PA signature does not arise from streaming along
reconnected ﬁeld lines (Cohen et al., 2016). An interpretation of these observations is given in section 4.3.
Finally, we brieﬂy touch on the ﬂows after the density ridge, a longer interval of which is shown in Figure 12.
A systematic behavior may be discerned. The bulk ﬂow speed decreases in two cycles of ∼5-min duration
(vertical dashed lines). The ﬂows are initially antisunward and southward and end up being sunward and
northward. Whatmight be causing these are the tangential stresses we discussed in connectionwith the THC
data. Note that the normal to the sharp density rise at MMS1, obtained from minimum variance analysis of
themagnetic ﬁeld data, is (0.76,−0.53,−0.38) so that themagnetic front closely followed by the high-density
frontwill impinge on themagnetopause at same time, or before, it is recorded atMMSnear the subsolar point.
We posit that the CFA plane hits the magnetopause and this boundary began to oscillate in response to the
normal stresses even as it is deformed in response to the tangential ones. This motion is likely deﬂecting the
particles and causing the ﬂow variations that are observed.
4. Discussion
The discussion is organized as follows. We ﬁrst consider the eﬀects resulting from the interaction of the
large-amplitude Alfvénic ﬂuctuationswith the bow shock. In particular, we advance other ideas based on spa-
tial scales to further support the identiﬁcation of kinetic Alfvénwaves atMMS in themagnetosheath.We then
examine the products of the interaction of the TD/VS and CFA with the bow shock. Finally, we elaborate on
the implications of theMMS observations during passage of the high-density ridge, and the subsequent ﬂow
behavior.
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4.1. Products of the Interaction of Alfvénic Fluctuations With the Bow Shock
Preceding the TD/VS in the interplanetary medium, THC identiﬁed large-amplitude Alfvénic ﬂuctuations
that were arc polarized. Arc polarization develops for nonlinear Alfvén waves traveling in a single direction.
With such a restricted wave vector extent, ﬂuctuations do not interact to form a turbulent energy cascade
through nonlinear, generalized Reynold stresses. In such circumstances, the arc-polarized ﬂuctuations can be
described as Alfvén waves so long as the wave vector is not exactly perpendicular to B0.
We ﬁrst examine the nature of the ﬂuctuations at MMS1 further by deducing their periods and wavelengths.
At MMS1 the ﬂuctuations with large amplitudes have periods of a few minutes or less (see section 3.2.1).
Compared to those at THC, ﬂuctuations at the same time scale have smaller amplitudes. Thus, the amplitudes
arehigher in themagnetosheath. In addition, ﬂuctuationshave likely experienceda shift tohigher frequencies
in the magnetosheath. The calculations for transmission and generation coeﬃcients generally assume that
the shock is steady in the deHoﬀman-Teller frame and that the incident waves are a steady wave train (e.g.,
McKenzie &Westphal, 1970). In this case, the frequency in themoving ﬂuid frame is conserved by the incident
wave and the waves downstream of the shock. The local frequency describing the waves downstream in the
magnetosheath is shifted to a higher value to compensate for theDoppler frequency shift associatedwith the
ﬂow, which decreases when the solar wind is slowed by the shock and enters the magnetosheath. Thereby,
ﬂuctuations in the magnetosheath with periods of minutes are better related to interplanetary ﬂuctuations
with longer periods.
Neglecting advection in the magnetosheath, the time taken for a ﬂuctuation to complete a full cycle repre-
sents the period of the ﬂuctuation. A period of 120 s characterizes the larger ﬂuctuations in the 7:36–7:45 UT
interval. With an average VA of about 60 km/s, the implied parallel wavelength for an Alfvén wave is about
7,200 km. These longer ﬂuctuations could be kinetic Alfvén wave modes. To require a treatment beyond a
ﬂuid description, the ﬂuctuations would need to have a wavelength perpendicular to B0 that is nomore than
few times longer than 2𝜋 times the proton inertial length. The average proton inertial length in this inter-
val is 64 km. The required wavelength is then of order 400 km. With their inferred parallel wavelength, the
wave vector of the ﬂuctuations must then be nearly perpendicular to B0 (to within about 10
∘). The minimum
variance direction in this interval is consistent with a direction that is almost perpendicular to B0. The aver-
age wind speed in this interval is near 75 km/s. Accounting for advection would roughly double the inferred
parallel wavelength and impose a more stringent angular condition on the wave mode classiﬁcation.
The proton plasma 𝛽 here averages to about 6, with proton temperatures nearly twice that of electrons (not
shown). These high 𝛽 conditions have kinetic Alfvén waves coupling not just to Alfvén and slow wavemodes
but also to fast wavemodes (Hollweg, 1999). For shorter wave periods and inferred wavelengths, the angular
range through which kinetic Alfvén waves can propagate greatly expands. The ﬂuctuations seen in Figure 6
span a broad range of scales down to short periods of less than a second.
Under the magnetosheath conditions where the MMS spacecraft were located, the proton temperature
exceeds the electron temperature, and the overall plasma 𝛽 is large. Under these plasma conditions, damping
at the Landau resonance is so strong that slow wave modes are not propagating modes. Thereby, the MHD
results may not apply in these circumstances. Instead, the MMS observations are better explained based on
kinetic Alfvén wave modes that correspond to a coupling between the MHD Alfvén and magnetosonic wave
mode. In the small-amplitude limit, the kinetic Alfvén wave mode is compressive with a small total pressure
perturbation wherein density and B are anticorrelated (e.g., Hollweg, 1999). The observed ﬂuctuations have
large amplitudes and large variations in density and B. In addition to a kinetic nature, nonlinearity must also
contribute to the form taken by the ﬂuctuating density and B. We conclude, then, that in our case the inter-
action between Alfvén waves and the bow shock actually produced kinetic Alfvén waves rather than Alfvén
and slow waves.
4.2. Products of the Interaction of the TD/VS With the Bow Shock
The 40-s interval 7:45:00–7:45:40 UT that precedes the TD/VS is diﬀerent from the interval 7:36–7:45 UT (cf.
Figures 6 and 8). It starts with a slow expansion fan. Two large magnetic decreases occur only 20 s apart.
The plasma ﬂow speed increases from 100 to 160 km/s. Just behind the TD/VS, the magnetic dips continue
to occur, and the ﬂow accelerates to about 300 km/s. Signiﬁcant changes in speed happen not only at the
TD/VS but also in awider layer surrounding it.With the TD/VS located in the center of these frequent and large
magnetic decreases, its interaction with the bow shock is deemed the most likely agent in generating them.
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InMHD the interaction of the bow shock and a TD containing a density increase enhances the compression of
the plasma downstream of the bow shock and generates an additional fast shock that propagates Earthward
ahead of the transmitted TD (e.g., Neubauer, 1975; Wu et al., 1993). Maynard et al. (2008) investigated such
a case and identiﬁed the preceding fast shock in the magnetosheath using Cluster spacecraft data. In our
case, the fast shock should be found earlier than the slow expansion fan. A candidate fast shock is found near
07:43 UT in MMS data where the density, B, and proton speed increase (see Figure S3). About 170 s separate
the fast shock and TD/VS.
A VS accompanied the TD. The ﬂows are substantial for the present case and add signiﬁcantly to the total pres-
sure (see equation (1)) around the discontinuity. In addition, the interaction with the bow shock has altered
the character of the TD/VS. In the interplanetary medium, the TD/VS had a speed that decreases from the
upstream todownstreamside,whereas in themagnetosheath the speed is increasing.Wuet al. (1993) showed
that for the case of a TD that is incident upon a perpendicular fast bow shock, the velocity change at the TD
is not altered by the interaction. In the present case the transmitted TD has a diﬀerent velocity change than
does the incident TD. This might arise because the interaction is oblique rather than head-on, but currently,
its explanation is not clear to us.
Since ﬂuctuations surrounding the TD/VS are likely to be inﬂuenced by its presence, their wave vectors are
potentially close to the direction of the TD/VS normal and so perpendicular to B0. With highly oblique wave
vectors, the ﬂuctuations could be kinetic Alfvén waves since density and B are anticorrelated. The waveforms
of these kinetic Alfvén waves are very nonlinear with regard to the magnetic decreases. It appears that the
cause of thismust go beyond the fact that thewaves have large amplitudes. We hypothesize that they are the
product of the interaction of the shock with the TD/VS. An alternative explanation separates the cause of the
magnetic bubbles from the generation of kinetic Alfvén waves (Stasiewicz et al., 2001).
4.3. The High-Density Ridge and the Behavior of Energetic Particles
In the interval 7:45 to 7:50 UT, during the passage of the TD/VS and the following density ridge, the energetic
particle data showed an interesting signature. For protons and helium (and, weakly, oxygen), an isotropic
distribution changed into onewith only near∼90∘; then an asymmetric distribution favoring PA values above
∼90∘. This evolution of the PADs was, however, absent in the case of electrons. The particle energies involved
are similar to those within the magnetosphere. We may therefore draw an analogy with the work related to
the escape of energetic particles from the magnetosphere to the magnetosheath (Mauk et al., 2016; Cohen
et al., 2016;Westlake et al., 2016). The lack of signature in the electrons is there used to eliminate reconnection
(presence of boundary normal ﬁelds) at the magnetopause as the source of the changes in the PADs. In our
context, the lack of PAD signature in the electrons removes the possibility of a normal component to the
discontinuity and associated reconnection at the current sheet. Based on these PADs, we conclude that the
anisotropy of the energetic particles is due to gyrosounding of a transient boundary, which is passing by
the spacecraft (i.e., preferential interaction of the boundary by particles with larger gyroradii). The protons
and helium ions (assuming these are predominantly He++) would have the same gyroradius and so should
have a similar PA behavior. If the oxygen is mainly O6+, then it would have a smaller gyroradius and drop oﬀ
earlier, which is what we see. The electrons with their very small gyroradii should fall oﬀ almost immediately,
as indeed they do. We hypothesize that the boundary in question is in our case the TD/VS at ∼07:45:40 UT.
Such gyrosounding behavior has been studied in a magnetopause context (e.g., Kaufmann & Konradi, 1973;
Sibeck et al., 1987; Zong, Fritz, & Spence, et al., 2004). We did observe a strong ﬁeld-aligned accelerated ﬂow
within the density ridge. A similar energization of plasma was seen by Maynard et al. (2007). We hypothesize
that this is due to reconnection of ﬁeld lines within the density ridge at a distant X line. Its location cannot be
inferred from the present data.
Downstream of the TD/VS, ﬂows are generated in association with stresses imposed on the magnetopause.
It may be that a completely separate understanding of the ﬂows in the vicinity of the discontinuity induced
by the bow shock and those induced by the magnetopause cannot be obtained. We note that the local
deformation of the magnetopause in response to a pressure front was ﬁrst shown by Kaufmann and
Konradi (1969, their ﬁgure 16) who noted that these distortions are distinct from the expansions/contractions
of the entire magnetosphere in response to changes in dynamic pressure. In subsequent work using Wind
and Cluster data, Fairﬁeld et al. (2003) gave the ﬁrst veriﬁcation of these predictions.
The eﬀect of the oﬀ-diagonal terms in the momentum ﬂux tensor as one cause of magnetopause motions
was shown by Farrugia et al. (2008). This wasmotivated by observations that were interpreted as an east-west
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oscillation of the dayside cusp (Zong, Fritz, & Zhang, et al., 2004). After the ﬁrst burst during the passage of
the density ridge, the ﬂow speed declines, as do also the amplitude of the deﬂections. The “cycles” are about
5 min long, a duration that is commensurate with observed periods of magnetopause oscillations (3 min;
Farrugia et al., 2008). The few-minute duration is also consistentwith theoreticalwork by Freemanet al. (1995),
who applied a linear perturbation analysis in the Newton-Buseman approximation and obtained as a natural
eigenperiod typically around 7 min, depending on solar wind conditions.
The system we studied was “unique” in the sense that it was complicated by the bunching together of a
TD, VS, and density rise followed by a density drop, and all happening on the background of interplane-
tary large-amplitude Alfvén ﬂuctuations. This study shows that, even in the absence of burst mode data,
complete analysis, albeit at times qualitative, can be performed. We were able to extend work on (i) Alfvén
waves in the magnetosheath, (ii) kinetic Alfvén waves developing downstream of the bow shock as a prod-
uct of arc-polarized structures, and (iii) work on TD/VS structures with accompanying sharp density changes
interacting with the bow shock.
5. Concluding Remarks
In this work we showed the eﬀects near the magnetopause of an arc-polarized structure in the solar wind.
Downstream of the bow shock, this transmuted into kinetic Alfvén waves. The large density rise at the TD/VS
was associated with a fast shock traveling ahead of it. We found evidence also of a dynamo eﬀect. During
passage of the high-density ridge an approximately ﬁeld-aligned accelerated ﬂow of ions and electrons was
observed. This we argued to be the eﬀect of reconnection at a distant site within the ridge. Energetic particle
PADs data showed a pattern that precluded boundary normal ﬁelds and local reconnection with ambient
ﬁelds. The systematic ﬂowchanges behind thedensity ridgewere likely producedbydeﬂections froma locally
deformed magnetopause that was executing damped oscillations of a few-minute period.
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